Abstract. Reactive powder concrete (RPC) is an alternative to normal concrete (NC) allowing for significantly higher strength of partially pre-stressed concrete structures. In the Indonesian national standard SNI 03-2847SNI 03- -2013SNI 03- (2013 and the American standard ACI 318-14 (2014), the partial pre-stressed ratio (PPR) is limited to a maximum of 25.0 percent to ensure that pre-stressed concrete structures remain ductile and capable to dissipate seismic energy sufficiently. The objective of this experimental study was to investigate the hysteretic performance of partially pre-stressed-RPC (PP-RPC) for both interior and exterior beam-column joint sub-assemblages. Four specimens with different levels of PPR were tested with a combination of constant axial compression and cyclic lateral loads. The PPR used for the first and the second two specimens were 22.8% and 33.8%, respectively. The strength of the RPC was 101.60 MPa for all specimens. The results showed that increasing the PPR of PP-RPC improves its hysteretic performance. The best performing specimen, with a PPR of 33.8%, had a ductility that was 1.97 times that of the specimen with a PPR of 22.8%.
Introduction
elastic modulus of 54-60 GPa [3] . RPCs do not contain coarse aggregates to increase the interlocking force between their constituents; an additional material can be used for this purpose. One example of such a material is polypropylene micro fibers. These fibers serve as bridges to connect concrete sections divided by micro cracks and especially to prevent autogenous shrinkage at an early age, as well as to reduce brittleness and increase ductility [5] . In this study, the RPC materials were composed of cement, silica fume, silica sand, silica flour, polypropylene micro fibers, super-plasticizer, and water.
The research objective was to investigate the hysteretic performance of partially pre-stressed-RPC (PP-RPC) for interior and exterior beam-column joint subassemblages with different levels of PPR.
Experimental Method
In this experiment, interior and exterior beam-column joint sub-assemblage (BCS-I and BCS-E, respectively) specimens made from PP-RPC were given constant axial and cyclic lateral loads in order to analyze their performance. The analysis of the performance included strength, relative energy dissipation ratio, hysteretic curve gradient of load-deflection [6] , ductility, energy dissipation, and seismic performance level [7] . Based on previous research reports [8, 9] , each specimen of both BCS-I and BCS-E was reinforced by partial pre-stressing with a PPR value of 33.8% and 22.8% to determine the effect of PPR levels on specimen performance. The RPC aggregates were obtained from local distributors, while the polypropylene fibers were imported.
Material Properties of Specimens
Research on RPC materials was first conducted by Richard and Cheyrezy [3, 4] and developed by Gowripalan using a different composition [10] . Menefy studied RPC bending loads using the composition described by Gowripalan and produced RPC cylinders with compressive strengths that ranged between 125 and 154 MPa [11] . In his experiment, the RPC beams exhibited superior performance compared to NC beams. In the present research, the RPC material composition per 1 m 3 was based on [12] with increased polypropylene fibers at 0.08% volume fraction to improve ductility and tensile strength (Table 1) . Silica sand and silica flour maximum diameters were 600 µm and 0.05 µm, respectively. Polypropylene fiber diameter and length were 18 micron and 12 mm, respectively.
Design of the Specimens
Two BCS-I and two BCS-E specimens were reinforced at PPR values of 33.8% and 22.8% (Table 2) . Each specimen had the same dimensions in terms of beams and columns. The reinforcement details of each specimen are shown in Figures 1 to 4 . The strands in the BCS were pre-stressed at 78% of ultimate stress prior to concrete casting and were placed un-bonded in the plastic hinges [1, 2] . The Hysteretic Behavior of Partially Pre-stressed BCS of RPC 553 
Instrumentation
The instruments used in the experiment were linear variable displacement transducers (LVDTs) for measuring displacement and strain gauges for measuring the strain on the mild steel bars and pre-stressed strands. The data from the instruments were transferred to a data logger, recorded by a computer, and displayed on a computer screen. The LVDTs were placed in locations where the specimens were expected to develop extreme displacement and in restraints where they would not be displaced by large amounts.
Loading System
In the experiment, each specimen was given a constant axial compressive force on the top of the column of 0.1f c 'A g (f c ' is the characteristic compressive strength of concrete; A g is the area of the column) , and was also given displacement control cyclic lateral loads [6] . The cyclic lateral loading history is shown in Figure 5 .
Initially, the drift ratio was set to 0.2% for three cycles. It was then increased to 5.00% at the end of the loading process. Among the drift ratio increments, there were small cycles that served to relax the specimens prior to the next increased lateral load.
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Test Setup
All specimens were used as models for a typical structure system, with the ends of the beams as roller restraints, the bottom of the columns as pin restraints, and the top of the columns able to move laterally, as shown in Figure 6 . Three 100/200 RPC cylinders were tested and each cylinder was equipped with two vertical and two horizontal concrete strain gauges (PL-60-11), which were installed in a Wheatstone full bridge configuration to measure strain. The stressstrain curves are shown in Figure 7 . The ultimate strain ranged from 0.92% to 1.24% and the compressive strength ranged from 109.57 to 143.77 MPa.
In addition to the RPC material, D22 and D13 mild steel bars were used for longitudinal and transversal reinforcement respectively, while D9.5 and D12.7 7-wire uncoated low relaxation strands were used as pre-stressed strands. The results of the tensile strength tests performed on the steel bars and strands (Tables 4 and 5 ) satisfied the criteria [13] . 
Hysteretic Curves
The hysteretic curves, which represent the response of the specimens to the displacement control lateral loads, are shown in Figure 8 . The BCS-I-1B-33.8 specimen displayed the highest lateral load and the largest hysteretic area. 
Strain on Plastic Hinges
The value of strain experienced by the mild steel bars and strands were measured using strain gauges. The stress values were determined by the Menegotto-Pinto method [14] . The yield strain in longitudinal mild steel D22 occurred in the plastic hinges and joint zones. Meanwhile, the pre-stressed strands in the plastic hinges and joint zones were still in elastic condition.
In the columns close to joint zones, the vertical longitudinal reinforcements of all specimens were still elastic. The stress-strain curves of longitudinal reinforcement mild steel D22 in the beam plastic hinges are shown in Figure 9 . 
Figure 9
Strain-stress curves.
Criteria #1 (Strength)
Strength degradation due to large lateral displacement occurs if the specimens achieve their strength limit. A specimen is categorized to have adequate strength if the lateral load for 3.50% drift ratio cycle 3 is equal to or greater than 75% of the peak lateral load [6] . This is suitable for BCS specimens made from NC materials and without pre-stressed reinforcements. In this study, the four specimens were created using RPC and partially pre-stressed reinforcements, and were assessed using criteria approaching actual conditions. The BCS-I-1B-33.8 specimen fulfilled the criteria at 3.50% drift ratio, whilst the other three specimens fulfilled the criteria at lower drift ratios. A summary of strength comparisons of the four specimens is shown in Table 6 . 2 )}] of all the specimens are shown in Table 7 and the relative energy dissipation increment curves are shown in Figure 10 . The results show that all specimens fulfilled the criteria. 
Criteria #3 (Load-Deflection Hysteretic Curve Gradient)
The load-deflection hysteretic curve gradient is the ratio between the gradient limit at -3.50% and +3.50% drift ratios in comparison to the initial gradient (0.2% drift ratio) at the first loading cycle.
A specimen fulfills the third criteria if the gradient ratio is equal to or greater than 0.05. The results show that all specimens had an adequate load-deflection hysteretic curve gradient (Tables 8 and 9 ). 
Energy Dissipation
Energy dissipation values were determined continuously until the end of loading, i.e. at 5.00% drift ratio. The results showed that the energy dissipation increased along with increasing drift ratio ( Figure 11 ). The cumulative energy dissipation values for each drift ratio and cycle are also shown in Figure 12 .
The values of the cumulative dissipation ratio (Table 10) indicate that the specimens with higher PPR values had greater cumulative energy dissipation than their lower PPR counterparts. It can also be seen that each interior BCS
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Figure 11
Energy dissipation for each drift ratio and cycle.
Figure 12
Cumulative energy dissipation for each drift ratio and cycle. 
Displacement Ductility
Displacement ductility (µ) was determined as the ratio of the lateral deflection at cycle 3 (δ 3 ) when the specimens fulfilled all three acceptance criteria for moment frames [6] to the lateral deflection when significant yield (δ y ) occurred. The significant yield points were calculated by the equal area method [15] . They had deflection abscissas and lateral load ordinates as shown in Table 11 .
The displacement ductility values (Table 12) show that both interior BCS specimens were more ductile than the exterior BCS specimens with the same PPR. Also, the BCS specimens with a PPR of 33.8% were more ductile than those with a PPR of 22.8%. 
Seismic Performance Level
The previous analyses of the strength, energy dissipation ratio, and loaddeflection hysteretic curve gradient of the specimens show that three specimens had a seismic performance level of Collapse Prevention (CP), because they satisfied the three acceptance criteria for moment frames at lateral drift ratios ranging from 2.0% to 4.0%, and one specimen had a seismic performance level of Life Safety (LS), because it satisfied the three acceptance criteria for moment frames at lateral drift ratios ranging between 1.0% to 2.0% (Table 13 ).
In addition to performance levels based on lateral drift ratios, the specimens' performance was also assessed based on the plastic rotation angle. The ratio of ultimate shear to nominal shear (V u /V n ) can be expressed as the ratio of ultimate moment to nominal moment (M u /M n ), where M u is the ultimate moment when the specimen fulfills the acceptance criteria for moment frames and M n is the nominal moment based on the material test results (Tables 3, 4 , and 5) and details of the specimens (Figures 1 to 4 ). The ultimate rotation is expressed in the following Eq. (2): =
where E c is the elastic modulus in MPa.
The yield rotation is expressed in the following Eq.(3): =
The effective moment of inertia (I e ) is expressed in the following Eq.(4):
The crack moment of inertia (I cr ) and the gross moment of inertia (I g ) were determined based on beam section data of each specimen (Figures 1 to 4) . Tables 14 to 16 show the values of the average crack moment, maximum loads, average maximum moment, and the effective inertia moment for all four specimens. By using Eqs. (1) to (4) , the values of yield rotation and ultimate rotation were determined (Tables 17 and 18 ). Based on the values of plastic rotation, value category of P/(A g f c ') ≤ 0.1, and V u /V n ≤ 1.5 [7] (where P is the axial constant load on the top of the specimen columns), the specimens had moment ratio values and seismic performance levels of Collapse Prevention (Tables 19 and  20 , respectively), which indicates that the specimens were still stable until being partially or fully damaged due to the seismic loads. 
Conclusions
The BCS-I-1B-33.8 specimen with a PPR of 33.8% had the highest strength due to a higher nominal moment of the partially pre-stressed reinforcement, which improved the ability to resist moment. The nominal moment influenced behavior where all specimens with a PPR of 33.8% had greater ductility and energy dissipation than the specimens with a PPR of 22.8%. Thus, PPR values above the maximum limit of 25% [1, 2] increased the ductility and energy dissipation of the reactive powder concrete specimens.
The two plastic hinges on the interior specimens provided higher strength to resist lateral loads and the ability to dissipate energy more than the exterior specimens with the same PPR.
Three specimens, BCS-I-1B-33.8, BCS-E-1A-33.8, and BCS-I-2B-22.8, had a seismic performance level of Collapse Prevention (CP) based on the acceptance criteria for moment frames [6, 7] . Specimens with a PPR of 33.8% and two plastic hinges (interior BCS) had the ability to resist higher lateral loads and were more capable of maintaining stiffness on greater drift ratios than specimens with only one plastic hinge (exterior BCS) and a PPR of 22.8%.
Based on the drift ratios, three specimens achieved a Collapse Prevention seismic performance level due to a higher nominal moment and the number of plastic hinges, while one specimen achieved a Life Safety seismic performance level. Based on the plastic rotation, all four specimens achieved a Collapse Prevention seismic performance level, which indicates that the specimens were still stable until partial or full damage conditions due to the seismic loads.
Recommendations
To improve the performance of exterior beam-column sub-assemblage specimens, the addition of longitudinal (mild steel bars or pre-stressed strands) and transversal reinforcements in beam plastic hinges is required. The additional reinforcements will also reduce crack widths and provide higher energy dissipation, as well as significantly reducing strength and stiffness degradation. When designing the additional longitudinal pre-stressed strands, the ductility performance of the external beam-column sub-assemblage should be taken into consideration.
